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Abstract
The inclusion of heavy neutral leptons (right-handed neutrinos) to the Standard Model (SM) particle
content is one of the best motivated ways to account for the observed neutrino masses and flavor mixing.
The modification of the charged and neutral currents from active-sterile mixing of the neutral leptons
can provide novel signatures which can be tested at the future collider experiments. In this article,
we explore the discovery prospect of a very heavy right handed neutrino to probe such extensions at
the future collider experiments like Large Hadron electron Collider (LHeC) and linear collider. We
consider the production of the heavy neutrino via the t and s-channel processes and its subsequent
decays into the semi-leptonic final states. We specifically focus on the scenario where the gauge boson
produced from heavy neutrino decay is highly boosted, leading to a fat-jet. We study the bounds on
the sterile neutrino properties from several past experiments and compare with our results.
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I. INTRODUCTION
One of the most robust evidence that points out to an important inadequacy of the SM is
the existence of the tiny but non-zero neutrino masses. It seems unlikely that the very small
neutrino masses are generated by the same Higgs mechanism responsible for the masses of the
other SM fermions due to the absence of right-handed neutrinos. Even then, extremely small
Yukawa couplings, of the order of . 10−12, must be invoked. There are various BSM extensions
which have been proposed to explain small neutrino masses. Among those, one of the most
appealing framework of light neutrino mass generation is the addition of new states that,
once integrated out, generate the lepton number violating dimension five Weinberg operator
O5 = cΛLLHH [1] . This is embodied by the so-called seesaw mechanisms. There can be a few
different variations of seesaw, Type-I [2], Type-II [3], Type-III [4], inverse [5] and radiative [6]
seesaw.
Most of the UV completed seesaw models contain Standard Model (SM) gauge singlet heavy
right handed neutrino N . Through the seesaw mechanism, the Majorana type Right Handed
Neutrinos (RHNs) impart masses to the SM light neutrinos and hence establishes the fact
that SM neutrinos have masses which have been experimentally observed in a several neutrino
oscillation experiments [7]. These RHNs can have masses from eV scale to 1014 GeV scale
depending upon the models. For instance, the sterile neutrinos [8] with masses in the eV
range could lead to effects in short distance neutrino oscillation experiments by introducing
an additional mass squared difference, keV mass sterile neutrinos are potential candidates for
“warm” dark matter, MeV scale sterile neutrinos can be possible explanation for MiniBoone
[9] and there can be very heavy sterile neutrinos with masses MGUT ∼ 1014 GeV, close to
MGUT ∼ 1016 GeV in model of grand unified theories (GUTs). These RHNs, originally Standard
Model (SM) gauge singlet, being mixed with the SM light neutrinos to interact with the SM
gauge bosons. Depending on the mass of the gauge singlet RHNs and their mixings with
the active neutrino states, seesaw mechanism can be tested at colliders [10–52], as well as, in
other non-collider experiments, such as, neutrinoless double beta decay [26, 53–59], neutrino
experiments [8, 9, 60], rare-meson decays [61–63], muon g − 2 [64], lepton flavor violating
processes li → ljγ, µ→ 3e, µ→ e conversion in nuclei [66, 67, 94], non-unitarity [70–72, 93, 96],
etc.
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We are specifically interested in the RHNs at the TeV scale so that they can be tested at
the high energy colliders. At the LHC, the production cross section of the RHN decreases as
the mass of RHN increases as a result of the properties of the constituent quarks of the proton
beams. In the linear collider the electron and positron are collided to produce the RHN in
association with a light neutrino through the dominant t-channel process. A subdominant s-
channel process also contributes [73, 74]. Otherwise a variety of RHN productions at the linear
collider have been discussed in [75] followed by the bounds on the light heavy mixing angles
for the electron flavor at the linear collider with 500 GeV and 1 TeV collider energies. The low
mass range of the RHN has been studied in [82] which also predicts the limit on the light heavy
mixing and the mass of the RHN up to a mass of 250 GeV. The sterile neutrinos at the circular
lepton colliders have been studied in [83] which deals with a comprehensive discussion on the
detectors from experimental point of view. Higgs searches from RHN has been studied in [84]
where the RHN has been produced from the W and Z mediated processes. Such a RHN decays
into a Higgs and SM light neutrino and the Higgs can dominantly decay into a pair of b-quarks.
Hence a 2b plus missing momentum will be a signal from this process. In this paper the RHN
up to a 500 GeV mass have been tested where the maximum center of mass energy is also taken
up to 500 GeV. The distinct and interesting signature of the RHN can be displaced vertex
search if the mixing between the light and heavy neutrinos become extremely small. Such a
scenario has been tested in [85] for the colliders 240 GeV, 350 GeV and 500 GeV. Another
interesting work on the RHNs has been found in the form of [86] where a variety of the colliders
have been considered to test the observability of the RHN production. They have discussed
several production modes of the RHNs at the LHC, lepton-Hadron collider (LHeC) 1 [87] and
linear collider. They have studied all possible modes of the RHN production in these colliders
and compared the bounds on the light-heavy neutrino mixing angles. In the linear collider, the
references [82–86] did not go further than 500 GeV as they constrained themselves within the
center of mass energy of 500 GeV. However, none of these papers studied the boosted object
at the LHeC and linear collider respectively.
In our analysis we consider the following things:
1 In such a collider we can also nicely study the long lived particles in [76], beyond the SM physics in [77],
leptoquarks [78], left-right model [79], charged Higgs [80] and heavy Majorana neutrinos [81]. The LHeC
design report can be found in [78].
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1. We study the prospect of discovery of RHNs at LHeC considering the boosted objects
for the first time. In the LHeC we concentrate on the lepton number violating (LNV)
and lepton number conserving (LNC) channels to produce the RHN in association with
a jet (j1). Hence the RHN will decay into the dominant `W and the W will decay into
a pair of jets. The daughter W coming from the heavy RHN will be boosted and its
hadronic decay products, jets, of the W will be collimated such that they can form a fat
jet (J).Hence a signal sample of ` + j1 + J can be studied thoroughly at this collider.
In this process people have mostly studied the lepton number conserving channel where
as the lepton number violating will be potentially background free. However, for clarity
we study the combined channel and the corresponding SM backgrounds. We consider
two scenarios at the LHeC where the electron and proton beams will have 60 GeV and
7 TeV energies where the center of mass energy becomes
√
s = 1.3 TeV. We have also
considered another center of mass energy at the
√
s = 1.8 TeV where the proton beam
energy is raised up to the 13.5 TeV. For both of the colliders we consider the luminosity
at 1 ab−1. Here the RHN is a first generation RHN (N1) and ` is electron (e). Finally we
study up to 3 ab−1 luminosity.
2. At the linear collider the production of the RHNs is occurring from the s- and t- channel
processes in association with a SM light neutrino (ν). We consider the linear collider at
two different center of mass energies, such as
√
s = 1 TeV and
√
s = 3 TeV which can
probe up to a high mass of the RHNs such as 900 GeV (at the 1 TeV linear collider) and
2.9 TeV (at the 3 TeV linear collider) due to the almost constant cross section for the
Nν production. For both of the center of mass energies we consider 1 ab−1 luminosity.
Finally we study up to 3 (5) ab−1 luminosity for the 1 (3) TeV linear collider.
At this mass scale, the RHNs will be produced at rest, however, the daughter particles
can be sufficiently boosted. We consider N → `W,W → jj and N → hν, h → bb modes
at the linear collider where h is the SM Higgs boson. If the RHN is sufficiently heavy,
such the, MN ≥ 400 GeV, the W and h can be boosted because MW and Mh << MN2 .
As a result W and h will produce a fat jet (J) and a fat b jet (Jb) respectively. Therefore
the signal will be `+J plus missing momentum and Jb plus missing momentum in the W
and h modes respectively at the linear collider. Therefore studying the signals and the
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backgrounds for each process we put the bounds in the mass- mixing plane of the RHNs.
3. We want to comment that studying e−e+ → N2νµ/N3ντ mode in the Z mediated s-channel
will be interesting where N2(N3) will be the second (third) generation RHN. Studying
the signal events and the corresponding SM backgrounds one can also calculate the limits
on the mixing angles involved in these processes. Such a process will be proportional to
| VµN |2 (| VτN |2). In these processes the signal will be µ(τ) + jj plus missing momentum
followed by the decay of N2(N3) → µjj(τjj). One can also calculate the bounds on the
mass-mixing plane for different significances. A boosted analysis could be interesting,
however, a non-boosted study might be more useful as the cross-section goes down with
the rise in collider energy in these processes. Such signals can also be studied if the
RHNs can decay through the LFV modes, such as e−e+ → Nνe, N → µW,W → jj,
however, µ → eγ process will make this process highly constrained due to the strong
limit Br(µ+ → e+γ) < 4.2 × 10−13 at the 90% C. L. [88]. The corresponding limits on
τ are weaker [89, 90]. Such final states have been studied in [73] for MN = 150 GeV, a
high mass test with using boosted object will be interesting in future. A comprehensive
LHC study has been performed in [91].
4. The RHN produced at the linear collider may decay in to another interesting mode,
namely, N → Zν, Z → bb¯. Which can be another interesting channel where boosted
objects can be stated. However, precision measurements at the Z-boson resonance using
electron-positron colliding beams at LEP experiment strongly constrains Z boson current,
and hence, Zbb¯ coupling. This channel also suffers from larger QCD background compared
to the leptonic decay of Z boson, and hence, leptonic decay of Z boson has better discovery
prospect for this particular mode of RHN decay. On the other hand, SM Higgs , h, mostly
decays (∼ 60%) to bb¯ due to large hbb¯ coupling. Due to this, we focus on the Higgs decay
mode of RHN, N → hν, h → bb¯ to study the fat jet signature. For the time being, we
mainly focus on the first two items. The investigation of the mode, N → Zν, Z → bb¯ is
beyond the scope of this article and shall be presented in future work in detail.
The paper is organised as follows. in Sec. II, we discuss the model and the interactions
of the heavy neutrino with SM particles and also calculate the production cross sections at
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different colliders. In Sec.III we discuss the complete collider study. In Sec. IV we calculate the
bounds on the mixing angles and compare them with the existing results. Finally, we conclude
in Sec. V.
II. MODEL AND THE PRODUCTION MODE
In type-I seesaw [2], SM gauge-singlet right handed Majorana neutrinos NβR are introduced,
where β is the flavor index. NβR have direct coupling with SM lepton doublets `
α
L and the SM
Higgs doublet H. The relevant part of the Lagrangian can be written as :
L ⊃ −Y αβD `αLHNβR −
1
2
MαβN N
αC
R N
β
R +H.c.. (1)
After the spontaneous EW symmetry breaking by getting the vacuum expectation value (VEV)
of the Higgs field, H =
 v√2
0
, we obtain the Dirac mass matrix as MD = YDv√2 . Using the
Dirac and Majorana mass matrices, the neutrino mass matrix can be written as
Mν =
 0 MD
MTD MN
 . (2)
After diagonalizing this matrix, we obtain the seesaw formula for the light Majorana neutrinos
as
mν ' −MDM−1N MTD. (3)
For MN ∼ 100 GeV, we may find YD ∼ 10−6 with mν ∼ 0.1 eV. However, in the general
parameterization for the seesaw formula [92], Dirac Yukawa term YD can be as large as 1, and
this scenario is considered in this paper.
There is another seesaw mechanism, so-called inverse seesaw [5], where the light Majorana
neutrino mass is generated through tiny lepton number violation. The relevant part of the
Lagrangian is given by
L ⊃ −Y αβD `αLHNβR −MαβN SαLNβR −
1
2
µαβSαLS
βC
L +H.c., (4)
where MN is the Dirac mass matrix, N
α
R and S
β
L are two SM-singlet heavy neutrinos with the
same lepton numbers, and µ is a small lepton number violating Majorana mass matrix. After
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the electroweak symmetry breaking the neutrino mass matrix is obtained as
Mν =

0 MD 0
MTD 0 M
T
N
0 MN µ
 . (5)
After diagonalizing this mass matrix, we obtain the light neutrino mass matrix
Mν 'MDM−1N µM−1
T
N M
T
D. (6)
Note that the small lepton number violating term µ is responsible for the tiny neutrino mass
generation. The smallness of µ allows the MDM
−1
N parameter to be order one even for an EW
scale heavy neutrino. Since the scale of µ is much smaller than the scale of MN , the heavy
neutrinos become the pseudo-Dirac particles. This is the main difference between the type-I
and the inverse seesaw.
Assuming MDM
−1
N  1, the flavor eigenstates (ν) of the light Majorana neutrinos can be
expressed in terms of the mass eigenstates of the light (νm) and heavy (Nm) Majorana neutrinos
such as
ν ' N νm +RNm, (7)
where
R = MDM−1N , N =
(
1− 1
2

)
UMNS (8)
with  = R∗RT , and UMNS is the usual neutrino mixing matrix by which the mass matrix mν
is diagonalized as
UTMNSmνUMNS = diag(m1,m2,m3). (9)
In the presence of , the mixing matrix N is not unitary [93–96]. Considering the mass eigen-
states, the charged current interaction in the Standard Model is given by
LCC = − g√
2
Wµe¯γ
µPL (N νm +RNm) + h.c., (10)
where e denotes the three generations of the charged leptons in the vector form, and PL =
1
2
(1− γ5) is the projection operator. Similarly, the neutral current interaction is given by
LNC = − g
2cw
Zµ
[
νmγ
µPL(N †N )νm +NmγµPL(R†R)Nm +
{
νmγ
µPL(N †R)Nm + h.c.
}]
,(11)
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where cw = cos θw is the weak mixing angle. Because of non-unitarity of the matrix N ,
N †N 6= 1 and the flavor-changing neutral current occurs.
The dominant decay modes of the heavy neutrino are N → `W , ν`Z, ν`h and the corre-
sponding partial decay widths are respectively given by
Γ(N → `W ) = g
2|V`N |2
64pi
(M2N −M2W )2(M2N + 2M2W )
M3NM
2
W
,
Γ(N → ν`Z) = g
2|V`N |2
128pic2w
(M2N −M2Z)2(M2N + 2M2Z)
M3NM
2
Z
,
Γ(N → ν`h) = |V`N |
2(M2N −M2h)2
32piMN
(
1
v
)2
. (12)
The decay width of heavy neutrino into charged gauge bosons being twice as large as neutral
one owing to the two degrees of freedom (W±). We plot the branching ratios BRi (= Γi/Γtotal)
of the respective decay modes (Γi) with respect to the total decay width (Γtotal) of the heavy
neutrino into W , Z and Higgs bosons in Fig. 1 as a function of the heavy neutrino mass (MN).
Note that for larger values of MN , the branching ratios can be obtained as
BR (N → `W ) : BR (N → νZ) : BR (N → νH) ' 2 : 1 : 1. (13)
A. Production cross section at LHeC
The LHeC can produce the RHN in the process e p→ N1j1 through the t- channel exchanging
the W boson. In this case the first generation RHN (N1) will be produced. The corresponding
Feynman diagram is given in Fig. 2. The total differential production cross section for this
process is calculated as
dσˆLHeC
d cos θ
=
3.89× 108
32pi
3× 1
3
(1
2
)2(M2inv −M2N
M2N
)
×
256C2`C
2
q
(
M2inv−M2N
4
)
[
M2N − 2
{
M2inv
4
(
1− cos θ
)}
+
M2inv
4
(
1 + cos θ
)]2
+ Γ2WM
2
W
(14)
where C` = Cq =
g
2
3
2
. Performing the integration over cos θ between [−1, 1] we find the cross
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FIG. 1. Heavy neutrino branching ratios (BRi) for different decay modes are shown with respect to
the heavy neutrino mass (MN ).
section as σˆLHeC and finally convoluting the PDF (CTEQ5M) [97] we get the total cross section
as
σ =
∑
i
∫ 1
M2
E2
CM
dx qi(x,
√
xECM) σˆLHeC(
√
xECM) (15)
where ECM is the center of mass energy of the LHeC and i runs over the quark flavors. For
different center of mass energies E will be different. In Fig. 3 we plot the total production
cross sections of N1 at the three different collider energies such as
√
s = 318 GeV (HERA),
√
s = 1.3 TeV (LHeC) and
√
s = 1.8 TeV (High Energy LHeC (HE-LHeC)) respectively. The
cross section in Fig. 3 is normalized by the square of the mixing to correspond the maximum
value for a fixed MN according to the relevant part of the charged current interaction in Eq. 10.
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FIG. 2. Production process, ep → N1j1 ,of the RHN at the LHeC through a t channel W boson
exchange
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FIG. 3. RHN production cross section at the LHeC considering e p→ N1j process for the e p collider
at
√
s = 318 GeV (HERA, top left panel),
√
s = 1.3 TeV (LHeC, top right panel) and
√
s = 1.8 TeV
(HE-LHeC, bottom panel).
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FIG. 4. RHN production processes at the linear collider. The left panel is the dominant t channel
process and the right panel is s channel process to produce the e+e− → N1ν1. To produce N2ν2 and
N3ν3, the Z mediated s channel process will act.
B. Production cross section at linear collider
The linear collider can produce the heavy neutrino in the process e+e− → ν1N1 through
t and s-channels exchanging the W and Z bosons, respectively. The corresponding Feynman
diagrams are given in Fig. 4. The total differential production cross section for this process is
calculated as
dσILC
d cos θ
= (3.89× 108 pb)× β
32pis
s+M2N
s
(
1
2
)2
×
[
16C21C
2
2 (s
2 −M4N) (1 + cos θ)(1 + β cos θ)
(M2N − s−M
2
N
2
(1− β cos θ)−M2W )2 +M2WΓ2W
+
(
4(C2Ae + C
2
Ve
)(C2Aν + C
2
Vν
)(1 + β cos2 θ) + 16CAeCVeCAνCVν (1 + β) cos θ
)
(s2 −M4N)
(s−M2Z)2 +M2ZΓ2Z
− 32C21C2Ae(s2 −M4N)(1 + cos θ)(1 + β cos θ)
×
(
M2N − s−M
2
N
2
(1− β cos θ)−M2W
)
(s−M2Z) +MWMZΓWΓZ
((M2N − s−M
2
N
2
(1− β cos θ)−M2W )2 +M2WΓ2W )((s−M2Z)2 +M2ZΓ2Z)
 , (16)
where β = (s−M2N)/(s+M2N),
C1 = −C2 = g
2
√
2
, CAν = CVν =
g
4 cos θW
,
CAe =
g
2 cos θw
(
−1
2
+ 2 sin2 θw
)
, CVe = −
g
4 cos θw
. (17)
The total production cross section for the process e+e− → ν1N1 from the t and s channel
processes at the linear collider at different center of mass energies are shown in Fig. 5.
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FIG. 5. RHN production cross section at the linear collider considering e+e− → N1ν1 process at the
different center of mass energies.
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FIG. 6. RHN production cross section at the linear collider considering e+e− → N2ν2 (N3ν3) process
at the different center of mass energies from the s channel Z boson exchange.
The s channel Z mediated process can produce the second (third) generation of RHNs,
N2(N3) in association with ν2(ν3). The cross sections for different center of mass energies have
been given in Fig. 6. The cross section in this mode decreases with the increase in the center
of mass energy. Such modes can reach up to a cross section of 1 pb for MN = 100 GeV at
√
s = 250 GeV. Consider the leading decay mode of the RHN into W and ` (µ, τ) followed by
the hadronic decay of the W could be interesting to probe the corresponding mixing angles.
The cross sections in Figs. 5 and 6 are normalized by the square of the mixing to correspond
the maximum value for a fixed MN according to the relevant part of the charged current and
neutral current interactions in Eqs. 10 and 11 respectively.
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FIG. 7. e+ J + j1 final state at the LHeC and HE-LHeC.
III. COLLIDER ANALYSIS
We implement our model in FeynRules [98], generate the UFO file of the model for
MadGraph5-aMC@NLO [99] to calculate the signals and the backgrounds. Further we use
PYTHIA6 [100] for LHeC as used in [87] and PYTHIA8 [101] for the linear colliders, where
subsequent decay, initial state radiation, final state radiation and hadronisation have been
carried out. We have indicated in [14, 15] that if the RHNs are sufficiently heavy, the daughter
particles can be boosted. We prefer the hadronic decay mode of the W where the jets can be
collimated so that we can call it a fat-jet (J). Such a topology is very powerful to discriminate
the signal from the SM backgrounds. We perform the detector simulation using DELPHES
version 3.4.1 [102]. The detector card for the LHeC has been used from [103]. We use the ILD
card for the linear collider. In our analysis the jets are reconstructed by Cambridge-Achen
algorithm [104, 105] implemented in Fastjet package [106, 107] with the radius parameter as
R = 0.8.
We study the production of the first generation RHN (N1) and its subsequent leading decay
mode (e p→ N1 j1, N1 → We,W → J) at the LHeC with
√
s = 1.3 TeV and 1.8 TeV center of
mass energies. The corresponding Feynman diagram is given in Fig. 7. We also study the RHN
production at the linear collider (International Linear Collider, ILC) at
√
s = 1 TeV and CLIC
at
√
s = 3 TeV collider energies. However, for simplicity we will use the term linear collider
unanimously. At the linear collider we consider two sets of signals after the production of the
RHN, such that, e+ e− → N1 ν,N1 → We,W → J and e+ e− → N1 ν,N1 → hν, h→ Jb where
Jb is a fat b-jet coming from the boosted SM Higgs decay in the dominant mode. For the two
13
FIG. 8. e+ J + pmissT and Jb + p
miss
T final states at the linear colliders.
types of colliders we consider 1000 fb−1 luminosity. The corresponding Feynman diagrams are
given in Fig. 8. For the analysis of signal and background events we use the following set of
basic cuts,
1. Electrons in the final state should have the following transverse momentum (peT ) and
pseudo-rapidity (|ηe|) as peT > 10 GeV, |ηe| < 2.5.
2. Jets are ordered in pT , jets should have p
j
T > 10 GeV and |ηj| < 2.5.
3. Photons are counted if pγT > 10 GeV and |ηγ| < 2.5.
4. Leptons should be separated by ∆R`` > 0.2.
5. The leptons and photons are separated by ∆R`γ > 0.3.
6. The jets and leptons should be separated by ∆R`j > 0.3.
7. Fat Jet is constructed with radius parameter R = 0.8.
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FIG. 9. Transverse momentum distribution of the associated jet (pj1T ) from the signal and background
events for MN = 600 GeV and 700 GeV at the
√
s = 1.3 TeV LHeC (left panel) and MN = 900 GeV
and 1 TeV at the
√
s = 1.8 TeV LHeC (right panel)
A. LHeC analysis for the signal e−p→ jN1 → e± + J + j1
Producing N1 at the LHeC and followed by its decay into leading mode to study the boosted
objects, we consider the final state e±+J+ j1. In this case we have two different processes, one
is them is the e+ + J + j1 and the other one is e
−+ J + j1. The first one is the Lepton Number
Violating (LNV) channel and the second one is the Lepton Number Conserving (LNC). At the
time of showing the results we combine LNV and LNC channels to obtain the final state as
e± + J + j1.
The LNV signal is almost background free until some e++jets events appear from some
radiations, however, that effect will be negligible. Therefore for completeness we include the
LNC channel where the leading SM backgrounds will come from e−jjj, e−jj and e−j including
initial state and final state radiations. For completeness we include both of the LNV and LNC
channels. Further we use the fat-jet algorithm to reduce the SM backgrounds. We have shown
the distributions of the transverse momentum of the leading jet (pj1T ), lepton (p
e
T ) and fat-jet
(pJT ) in Figs.9-11. The fat-jet mass distribution (MJ) has been shown in Figs.12. The invariant
mass distribution of the lepton and fat-jet system (MeJ) has been shown in Fig. 13. We have
also compared the signals with the corresponding SM backgrounds. As a sample we consider
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FIG. 10. Transverse momentum distribution of the electron (peT ) from the signal and background
events for MN = 600 GeV and 700 GeV at the
√
s = 1.3 TeV LHeC (left panel) and MN = 900 GeV
and 1 TeV at the
√
s = 1.8 TeV HE-LHeC (right panel)
MN = 600 GeV and 700 GeV for
√
s = 1.3 TeV LHeC and MN = 900 GeV, 1 TeV at
√
s = 1.8
TeV HE-LHeC as shown in Figs.9-13.
We have chosen MN = 400 GeV- 900 GeV for the 1.3 TeV LHeC and MN = 800 GeV- 1.5
TeV for the 1.8 TeV HE-LHeC. As benchmark points we have chosen MN = 600 GeV, 700 GeV
at the 1.3 TeV LHeC and MN = 900 GeV, 1.0 TeV at the 1.8 TeV HE-LHeC after the basic
cuts. In view of the distributions in Figs.9-13, we have used the following advanced selection
cuts to reduce the backgrounds:
1. Advanced cuts for MN = 400 GeV -900 GeV at the
√
s = 1.3 TeV LHeC after the detector
simulation
• Transverse momentum for lepton and jet, pe±T > 50 GeV.
• Transverse momentum for fat-jet pJT > 175 GeV.
• Fat-jet mass MJ > 70 GeV.
• Invariant mass window of e± and fat-jet J , |MeJ −MN | ≤ 20 GeV.
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FIG. 11. Transverse momentum distribution of the fat jet (pJT ) from the signal and background events
for MN = 600 GeV and 700 GeV at the
√
s = 1.3 TeV LHeC (left panel) and MN = 900 GeV and 1
TeV at the
√
s = 1.8 TeV HE-LHeC (right panel).
We have noticed that MJ > 70 GeV cuts out the low energy peaks (MJ ≤ 25 GeV) which come
from the hadronic activity of the low energy jets. Similarly, the pJT and p
e
T cuts are also very
effective. Due to the presence of the RHN, these distributions from the signal will be in the
high values than the SM backgrounds. Therefore selecting such cuts at high values, as we have
done here, will be extremely useful to reduce the SM backgrounds.
We have noticed that ej background can completely be reduced with the application of the
kinematic cuts on peT , p
J
T and MJ . It is difficult to obtain a fat jet from this process because
the t channel exchange of the Z boson and photon will contribute to this process, however, the
other low-energy jets may come from the radiations at the initial and final states. These jets do
not help to make the fat jets sufficiently energetic. Therefore pJT > 175 GeV (p
J
T > 400 GeV)
at the LHeC (HE-LHeC) are very useful. Similarly the ejjj is the irreducible background
in this case which will contribute most among the backgrounds. Whereas ejj is the second
leading background in this case. However, both of these backgrounds can be reduced using the
invariant mass cut of the RHN. As the RHN will decay according to N → eJ , therefore the
invariant mass of the eJ system with an window of 20 GeV (|MeJ −MN | ≤ 20 GeV) will be
extremely useful to reduce the backgrounds further in these colliders. In Tab. I we have given
the two benchmark scenarios at the 1.3 TeV LHeC where the signal events are normalized by
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FIG. 12. Jet mass (MJ) distribution of the fat jet from the signal and background events for MN = 600
GeV and 700 GeV at the
√
s = 1.3 TeV LHeC (left panel) and MN = 900 GeV and 1 TeV at the
√
s = 1.8 TeV HE-LHeC (right panel).
the square of the mixing.
Cuts Signal Background Total
MN1 = 600 GeV MN1 = 700 GeV ejjj ejj
Basic Cuts 645,860 261,254 70,029,800 189,689,000 259,718,800
pJT > 175 GeV 476,640 214,520 295,658 338,720 634,378
MJ > 70 GeV 356,350 160,017 35,244 17,520 52,764
peT > 50 GeV 356,126 159,918 33,286 17,520 50,806
|MeJ −MN | ≤ 20 GeV 304,457 129,690 7 1 8
TABLE I. Cut flow of the signal and background events for the final state e± + J + j1 for MN = 600
GeV and 700 GeV with
√
s = 1.3 TeV LHeC where the signal events are normalized by the square of
the mixing.
18
00.005
0.01
0.015
0.02
0.025
100 200 300 400 500 600 700 800 900 1000
1 σ
d
σ
d
M
e
J
[G
eV
−1
]
MeJ [GeV]
600 GeV
700 GeV
ejjj
ejj
ej
0
0.005
0.01
0.015
0.02
0.025
0 200 400 600 800 1000 1200
1 σ
d
σ
d
M
e
J
[G
eV
−1
]
MeJ [GeV]
900 GeV
1 TeV
ejjj
ejj
ej
FIG. 13. Invariant mass distribution of the fat jet and electron system (MeJ) from the signal and
background events for MN = 600 GeV and 700 GeV at the
√
s = 1.3 TeV LHeC (left panel) and
MN = 900 GeV and 1 TeV at the
√
s = 1.8 TeV HE-LHeC (right panel).
2. Advanced cuts for MN = 800 GeV− 1.5 TeV at the
√
s = 1.8 TeV HE-LHeC after the detector
simulation
• Transverse momentum for lepton, pe±T > 250 GeV.
• Transverse momentum for fat-jet pJT > 400 GeV.
• Fat-jet mass MJ > 70 GeV.
• Invariant mass window of e± and fat-jet J , |MeJ −MN | ≤ 20 GeV.
We have chosen MN = 900 GeVand 1 TeV at the
√
s = 1.8 TeV HE-LHeC. The correspond-
ing signals normalized by the square of the mixing and the SM backgrounds are listed in Tab. II.
Due to the heavier mass range of the RHN, we have chosen stronger cuts for the transverse
momenta of the electron and fat-jet which became useful to reduce the backgrounds.
B. Linear collider analysis for the signal e± + J + pmissT
In linear collider we study e±+ J + pmissT signal from the leading decay mode of the RHN at
the 1 TeV and 3 TeV center of mass energy. The corresponding distributions for two benchmark
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Cuts Signal Background Total
MN1 = 900 GeV MN1 = 1 TeV ejjj ejj
Basic Cuts 427,311 207,015 108,243,000 273,410,000 381,653,000
pJT > 400 GeV 158,694 110,289 12,225 12,450 24,675
MJ > 70 GeV 145,558 96,787 4,596 4,150 8,746
peT > 250 GeV 144,997 96,487 4,596 4,150 8,746
|MeJ −MN | ≤ 20 GeV 119,659 71,490 3 1 4
TABLE II. Cut flow of the signal and background events for the final state e±+ J + j1 for MN = 900
GeV and 1.0 TeV with
√
s = 1.8 TeV HE-LHeC where the signal events are normalized by the square
of the mixing.
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FIG. 14. Missing momentum distribution of the signal and background events for MN = 500 GeV
and 800 GeV at the
√
s = 1 TeV (left panel) and MN = 800 GeV and 2 TeV at the
√
s = 3 TeV (right
panel) linear colliders.
points for MN = 500 GeV, 800 GeV at
√
s = 1 TeV and MN = 800 GeV, 2 TeV at
√
s = 3 TeV
linear colliders are given in Figs.14-18 after the basic cuts. We perform a complete cut based
analysis for the signal and the SM backgrounds. In this process we have νeeW as the leading
background where as WW , ZZ and tt¯ are other important backgrounds.
We have shown the missing momentum (pmissT ), transverse momenta of the electron p
e
T and
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FIG. 15. Transverse momentum distribution of the electron (peT ) from the signal and background
events for MN = 500 GeV and 800 GeV at the
√
s = 1 TeV (left panel) and MN = 800 GeV and 2
TeV at the
√
s = 3 TeV (right panel) linear colliders.
fat-jet pJT in Figs. 14-16 for the linear colliders. The fat-jet mass MJ distribution has been shown
in Fig. 17. We construct the polar angle variable in Fig. 18 for the electron (fat jet), cos θe(cos θJ)
where θe(J) = tan
−1
[
p
e(J)
T
p
e(J)
z
]
, where p
e(J)
z is the z component of the three momentum of the
electron (fat jet). This is a very effective cut which reduces the SM background significantly.
In view of these distributions, we have used the following advanced selection cuts to reduce the
backgrounds:
1. Advanced cuts for MN = 400 GeV-900 GeV at the
√
s = 1 TeV linear collider after the detector
simulation
• Transverse momentum for fat-jet pJT > 150 GeV for MN mass range 400 GeV-600 GeV
and pJT > 250 GeV for MN mass range 700 GeV-900 GeV.
• Transverse momentum for leading lepton pe±T > 100 GeV for MN mass range 400 GeV-600
GeV and pe
±
T > 200 GeV for MN mass range 700 GeV-900 GeV.
• Polar angle of lepton and fat-jet |cos θe| < 0.85, |cos θJ | < 0.85.
• Fat-jet mass MJ > 70 GeV.
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FIG. 16. Transverse momentum distribution of the fat jet (pJT ) from the signal and background events
for MN = 500 GeV and 800 GeV at the
√
s = 1 TeV (left panel) and MN = 800 GeV and 2 TeV at
the
√
s = 3 TeV linear colliders.
We have tested MN = 400 GeV to 900 GeV at the
√
s = 1 TeV at the linear collider. Hence we
consider two benchmark points at the
√
s = 1 TeV linear collider such as MN = 500 GeV and
800 GeV. The cut flow for the
√
s = 1 TeV are given in the Tabs. III and IV respectively. We
have noticed that cos θe(J) is a very important kinematic variable and setting | cos θe(J)| < 0.85
puts a very strong cut for the SM backgrounds. The MJ > 70 GeV is also effective to cut out
the low mass peaks (1 GeV ≤MJ ≤ 25 GeV ) from the low energy jets.
2. Advanced cuts for MN = 700 GeV-2.9 TeV at the
√
s = 3 TeV linear collider after the detector
simulation
• Transverse momentum for fat-jet pJT > 250 GeV for the MN mass range 700 GeV-900
GeV and pJT > 400 GeV for MN mass range 1− 2.9 TeV.
• Transverse momentum for leading lepton pe±T > 200 GeV for MN mass range 700 − 900
GeV and pe
±
T > 250 GeV for MN mass range 1− 2.9 TeV.
• Polar angle of lepton and fat-jet |cos θe| < 0.85, |cos θJ | < 0.85.
• Fat-jet mass MJ > 70 GeV.
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FIG. 17. Jet mass (MJ) distribution of the fat jet from the signal and background events for MN = 500
GeV and 800 GeV at the
√
s = 1 TeV (left panel) and MN = 800 GeV and 2 TeV at the
√
s = 3 TeV
(right panel) linear colliders.
Cuts Signal Background Total
νeeW WW ZZ tt¯
Basic Cuts 12,996,200 201,586 72,244 7,200 4,300 285,330
|cos θJ | ≤ 0.85 12,789,800 148,802 44,910 3,800 4,100 201,600
|cos θe| ≤ 0.85 12,671,800 79,008 40,574 2,800 3,900 126,280
pJT > 150 GeV 12,308,300 70,669 40,490 2,300 3,200 116,660
MJ > 70 GeV 10,923,100 62,303 37,043 2,100 2,300 103,700
p`T > 100 GeV 10,714,500 57,076 33,488 1,400 1,530 93,400
TABLE III. Cut flow for the signal and background events for the final state e± + J + pmissT for
MN = 500 GeV at the
√
s = 1 TeV linear collider. The signal events are normalized by the square of
the mixing.
We have tested MN = 700 GeV to 2.9 TeV at the
√
s = 3 TeV at the linear collider. Hence we
consider two benchmark points at the
√
s = 3 TeV linear collider such as MN = 800 GeV and
2 TeV. The cut flow for the benchmark points at the
√
s = 3 TeV are given in the Tabs. V and
VI respectively. At the 3 TeV we see almost the same behavior for the kinematic variables as
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FIG. 18. cos θJ(e) distributions for the J(e) in the first row (second row) for the 1 TeV (left column)
and 3 TeV (right column) linear colliders.
we noticed at the 1 TeV case except the pT distributions of the electron and fat jet. At this
point we must mention that the backgrounds like ZZ and tt¯ can have more than one lepton in
the final state which has been efficiently vetoed to reduce the effect.
C. Linear collider analysis for the signal Jb + p
miss
T
Considering the N → hν, h → Jb mode at the linear collider we obtain the Jb + pmissT final
state. For this final state the dominant SM backgrounds come from the processes hν`ν¯` and
Zν`ν¯`. Backgrounds can also come from the intermediate processes ZZ and ZH. We have
24
Cuts Signal Background Total
νeeW WW ZZ tt¯
Basic Cuts 8,684,990 201,586 72,244 7,200 4,300 285,330
|cos θJ | ≤ 0.85 8,649,570 148,802 44,910 3,800 4,100 201,600
|cos θe| ≤ 0.85 8,618,420 79,008 40,574 2,800 3,900 126,280
pJT > 250 GeV 7,681,440 59,001 40,329 2,303 2,720 104,354
MJ > 70 GeV 7,176,280 53,990 36,997 2,187 2,282 95,437
p`T > 200 GeV 7,080,200 38,729 26,208 942 613 66,493
TABLE IV. Cut flow for the signal and background events for the final state e± + J + pmissT for
MN = 800 GeV at the
√
s = 1 TeV linear collider. The signal events are normalized by the square of
the mixing.
Cuts Signal Background Total
νeeW WW ZZ tt¯
Basic Cuts 21,789,900 193,533 12,135 1,361 271 207,301
|cos θJ | ≤ 0.85 13,599,300 126,980 4,766 406 215 132,367
|cos θe| ≤ 0.85 12,163,300 21,110 4,609 390 195 26,304
pJT > 250 GeV 12,083,500 18,619 4,607 390 189 23,807
MJ > 70 GeV 11,287,000 17,442 4,411 385 176 22,416
p`T > 200 GeV 11,094,300 16,915 4,108 343 104 21,470
TABLE V. Cut flow for the signal and background events for the final state e±+J+pmissT for MN = 800
GeV at the
√
s = 3 TeV linear collider. The signal events are normalized by the square of the mixing.
generated the background events combining all these processes in MadGraph for our analysis.
In Figs.19, 20 and 21, we plot the missing momentum (pmissT ), transverse momentum of the
fat-b jet pJbT and jet mass of the fat-b jet (MJb) distributions for MN = 700 GeV and 800 GeV
at the
√
s = 1 TeV linear collider and MN = 1.5 TeV and 2 TeV at the
√
s = 3 TeV linear
collider. In view of these distributions, we have used the following advanced selection cuts to
reduce the SM background:
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Cuts Signal Background Total
νeeW WW ZZ tt¯
Basic Cuts 13,822,500 193,533 12,135 1,382 271 207,322
|cos θJ | ≤ 0.85 12,701,600 126,980 4,766 412 215 132,374
|cos θe| ≤ 0.85 12,647,200 21,110 4,609 396 195 26,310
pJT > 400 GeV 12,611,000 15,737 4,605 396 184 20,923
MJ > 70 GeV 12,015,600 14,889 4,410 391 175 19,865
p`T > 250 GeV 11,987,000 14,184 4,010 336 10 18,630
TABLE VI. Cut flow for the signal and background events for the final state e±+J+pmissT for MN = 2
TeV at the
√
s = 3 TeV linear collider. The signal events are normalized by the square of the mixing.
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FIG. 19. pmissT distribution of the signal and background events for MN = 700 GeV and 800 GeV at
the
√
s = 1 TeV (left panel) and MN = 1.5 TeV and 2 TeV at the
√
s = 3 TeV (right panel) linear
colliders.
1. Advanced cuts for MN = 400 GeV- 900 GeV at the
√
s = 1 TeV linear collider after the
detector simulation
• Transverse momentum for Jb, pJbT > 250 GeV.
• Fat-b mass, MJb > 115 GeV.
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FIG. 20. Transverse momentum distribution of Jb (p
Jb
T ) from the signal and background events for
MN = 700 GeV and 800 GeV at the
√
s = 1 TeV (left panel) and MN = 1.5 TeV and 2 TeV at the
√
s = 3 TeV (right panel) linear colliders.
• Missing energy, pmissT > 150 GeV.
We consider two benchmark points such as MN = 700 GeV and 800 GeV at the 1 TeV linear
collider to produce the boosted Higgs from RHNs. The cut flow has been shown in Tab. VII.
The b-jets are coming from the SM h as the MJb distribution peaks at the Higgs mass for
the signal at the linear colliders. As a result MJb > 115 GeV sets a strong cut on the SM
backgrounds.
Cuts Signal Background
MN = 700 GeV MN = 800 GeV
Basic Cuts 1,288,150 1,248,340 19,300
pmissT > 150 GeV 1,239,440 1,223,480 8,373
pJbT > 250 GeV 1,100,790 1,153,650 4,239
MJb > 115 GeV 609,330 661,258 855
TABLE VII. Cut flow for the signal and background events for the final state Jb+p
miss
T for MN = 700
GeV and 800 GeV at the
√
s = 1 TeV linear collider. The signal events are normalized by the square
of the mixing.
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FIG. 21. Fat b-Jet mass (MJb) distribution from the signal and background events for MN = 700
GeV and 800 GeV at the
√
s = 1 TeV (left panel) and MN = 1.5 TeV and 2 TeV at the
√
s = 3 TeV
(right panel) linear colliders.
2. Advanced cuts for the MN = 1 TeV -2.9 TeV for the
√
s = 3 TeV linear collider after the
detector simulation
• Transverse momentum for fat-b (Jb), pJbT > 350 GeV.
• Fat-b mass, MJb > 115 GeV.
• Missing energy, pmissT > 175 GeV.
We consider two benchmark points such as MN = 1.5 TeV and 2 TeV at the 3 TeV linear
collider for the boosted Higgs production from the RHN. The cut flow has been shown in
Tab. VIII. The b-jets are coming from the SM h as the MJb distribution peaks at the Higgs
mass for the signal at the linear colliders. As a result MJb > 115 GeV sets a strong cut on the
SM backgrounds. We also consider a strong pJbT > 350 GeV cut for the high mass RHNs at the
3 TeV collider. In this work, we adopt a minimalistic approach and consider a flat 70% tagging
efficiency for each of the daughter b jets coming from the Higgs decay.
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Cuts Signal Background
MN = 1.5 TeV MN = 2 TeV
Basic Cuts 5,077,160 4,043,130 74,245
pmissT > 175 GeV 5,005,240 4,011,420 39,231
pJbT > 350 GeV 4,731,550 3,902,490 15,327
MJb > 115 GeV 2,961,620 2,479,960 3,740
TABLE VIII. Cut flow for the signal and background events for the final state Jb+p
miss
T for MN = 1.5
TeV and 2 TeV at the
√
s = 3 TeV linear collider. The signal events are normalized by the square of
the mixing.
IV. CURRENT BOUNDS
The bounds on the light-heavy neutrino mixing for the electron flavor comes from a variety of
searches. As we are interested on the RHN of mass MN ≥ 100 GeV, therefore we will compare
our results with such bounds which are important for that mass range. The Electroweak
Precision Data (EWPD) bounds have been calculated in [108–110] which obtains the bound on
|VeN |2 as 1.681×10−3 at the 95% C. L., the LEP2[111], calculated at the 95% C.L., bounds are
rather weaker except MN = 108 GeV where it touches the EWPD line. The strongest bounds
are coming from the GERDA [112] 0ν2β study where the limits as calculated in [13] up to
MN = 959 GeV. The lepton universality limits from [113] set bounds on |VeN |2 at 6.232× 10−4
up to MN = 1 TeV at the 95% C. L. These bounds are plotted in Figs. 22 -27.
Apart from the above mentioned indirect searches, the recent collider searches for the LHC
also set bounds |VeN |2 at the
√
s = 8 TeV at 95% C. L. from same sign dilepton plus dijet
search. The bounds on |VeN |2 from ATLAS (ATLAS8-ee) [114] and CMS (CMS8 − ee) [115]
are obtained at 23.3 fb−1 and 19.7 fb−1 luminosities respectively for the e±e±+ 2j sample. The
ATLAS limit is weaker than the CMS limits for 100 GeV ≤ MN ≤ 500 GeV. The LHC has
also published the recent results at
√
s = 13 TeV with 35.9 fb−1 luminosity which set stronger
bounds on |VeN |2 than the previous direct searches for 100 GeV ≤MN ≤ 500 GeV. The bounds
on |VeN |2 from the e±e± + 2j signal in CMS (CMS13-ee) [116] and from trilepton search at
CMS (CMS13-3`) [117] are also competitive, however, weaker than the EWPD for 100 GeV
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≤MN ≤ 1.2 TeV. These limits are also plotted in Figs. 22 -27.
We have explored that at the LHeC with
√
s = 1.3 TeV collider energy and 1 ab−1 luminosity,
the bound on |VeN |2 for MNN = 600 GeV with 1-σ C.L. is better than the 0ν2β limit from
GERDA-low where as MN ≥ 959 GeV at 1-σ limit can be probed better than the GERDA-low
and high limit [13, 112]. The GERDA limits are stronger for the MN benchmarks we have
studied. The results have been shown in Fig. 22. In the same figure we show the bounds
obtained from the HE-LHeC with
√
s = 1.8 TeV collider energy and 1 ab −1 luminosity. In
this case the current GERDA bounds are stronger up to MN = 959 GeV [13, 112]. At the
HE-LHeC RHN up to MN = 1.2 TeV can be probed at 5-σ and these bounds could be stronger
than the limits obtained from the EWPD-e limit [108–110]. The improved scenario at the 3
ab−1 luminosity for the LHeC and HE-LHeC are shown in Figs. 23.
At the linear collider we have explored two sets of signals. one is the e+ J + pmissT and the
other one is Jb + p
miss
T . Using e+ J + p
miss
T signal at the 1 TeV linear collider we have probed
RHNs between 400 GeV ≤ MN ≤ 900 GeV at 5-σ but the 0ν2β limit from GERDA [13] is
stronger than this result for MN ≤ 959 GeV, however, the bounds on |VeN |2 for the RHNs
heavier than 1 TeV can be probed at 5-σ significance or more at the linear collider with the 3
TeV center of mass energy. All the results are. In this case apart from the fat jet properties, the
polar angle cut for the leptons worked nicely. The results are shown in Fig. 24. We have also
studied the linear colliders at 1(3) TeV center of mass energy with 3(5) ab−1 luminosity. We
can find the improved results in Fig. 25. Using the Jb + p
miss
T signal we did a complementarity
check where MN ≥ 1 TeV can be probed better than GERDA [13] at 5-σ significance or more at
the 3 TeV linear collider. The linear collider can probe |VeN |2 down to O(10−5) for MN = 1.35
TeV at 3 TeV, however, compared to this the bounds obtained at the 1 TeV linear collider are
weaker. The corresponding bounds at the
√
s = 1 TeV and 3 TeV linear collider are plotted
in Figs. 24 and 26. The red (blue) band represents the bounds on |VeN |2 at 1 TeV (3 TeV)
linear collider at different confidence levels. Comparing the bounds between the final states
e+ J + pmissT and Jb + p
miss
T we find that the former one puts slightly stronger limits on |VeN |2.
The results are shown in Fig. 26. We have also studied the linear colliders at 1(3) TeV center
of mass energy with 3(5) ab−1 luminosity. We can find the improved results in Fig. 27. Finally
we comment that our results at the linear collider are stronger than the limits obtained from
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FIG. 22. The prospective upper limits on |VeN |2 at the 1.3 TeV LHeC (blue band) and 1.8 TeV
HE-LHeC (red band) at the 1 ab−1 luminosity compared to EWPD [108–110], LEP2[111], GERDA
[112] 0ν2β study from [13], ATLAS (ATLAS8-ee) [114], CMS (CMS8− ee) [115] at the 8 TeV LHC,
13 TeV CMS search for e±e±+ 2j (CMS13-ee) [116] and 13 TeV CMS search for 3` (CMS13-ee) [116]
respectively.
the EWPD-e [108–110] throughout the study.
V. CONCLUSION
We have studied the RHNs which can be responsible for the generation of the tiny light
neutrino masses. We have calculated the production cross sections for the RHNs at the LHeC
and linear collider at various center of mass energies and followed by that we have tested the
discovery prospects of this RHNs. We have chosen
√
s = 1.3 TeV and 1.8 TeV for the LHeC
and
√
s = 1 TeV and 3 TeV for the linear collider. We have considered the sufficiently heavy
mass range of the RHNs. These RHNs can decay dominantly into `W mode. A massive RHN
can sufficiently boost the W such that its hadronic decay modes can form a fat-jet. Therefore
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FIG. 23. Same as Fig. 22 with 3 ab−1 luminosity at the 1.3 TeV LHeC and 1.8 TeV HE-LHeC.
we study e + j1 + J and e + J + p
miss
T at the LHeC and linear collider respectively. Similarly
we consider another interesting mode N → hν, h→ bb where a boosted SM Higgs can produce
a fat b-jet and test the Jb + p
miss
T final state at the linear collider. Simulating the events
and passing through the selection cuts for the different colliders we calculate the bounds on
|VeN |2 at different luminosities and compare with the existing bounds. Hence we conclude that
MN ≥ 959 GeV can be successfully probed at the 1.8 TeV at the at 5-σ C. L. with 1 ab−1 and
3 ab−1 luminosities respectively. Whereas MN ≤ 2.9 TeV can be probed at the 3 TeV linear
collider with more than 5-σ C.L using the e + J + pmissT signal. A complementary signal of
Jb + p
miss
T can be useful, too but this is weaker than the bounds obtained by the e+ J + p
miss
T
final state.
Note added: While in final drafting phase, we noticed Ref.[118] appeared in arXiv which
also studied fat jet signatures from RHNs at the linear colliders. We have studied LHeC and
linear collider at different center of mass energies using detailed cut based analyses. We have
compared our results with all the existing bounds using the decay modes of the RHNs to W
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FIG. 24. The prospective upper limits on |VeN |2 at the 1 TeV (red band) and 3 TeV (blue band) linear
colliders at the 1 ab−1 luminosity for e+ J + pmissT signal compared to EWPD [108–110], LEP2[111],
GERDA [112] 0ν2β study from [13], ATLAS (ATLAS8-ee) [114], CMS (CMS8−ee) [115] at the 8 TeV
LHC, 13 TeV CMS search for e±e±+2j (CMS13-ee) [116] and 13 TeV CMS search for 3` (CMS13-ee)
[116] respectively.
and SM h bosons. The 0ν2β bound became very strong up to MN = 959 GeV. At the linear
collider the polar angle variable for the lepton became very useful for us. In our analysis we
have showed that high mass RHNs can be observed at 5-σ significance or more in these colliders.
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FIG. 25. Same as Fig. 24 with 3(5) ab−1 luminosity at the 1(3) TeV linear collider.
regarding the linear collider card in DELPHES.
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